Alpha-fetoprotein (AFP) has been increasingly recognised as a valuable marker in predicting HCC recurrence postliver transplantation. Moreover, its secretion has been associated with poor histological tumour characteristics as it reflects an aggressive tumour biological behaviour. This review aims to summarise the emerging evidence on the use of AFP either as an independent marker, or as a variable incorporated into prognostic models. For this purpose, an electronic PubMed literature search was performed. Due to the heterogeneity of the reported studies, drawing clear conclusions about the optimum AFP cut-off level to predict recurrence is difficult. Models that include AFP at different cut-offs have been shown be superior to Milan criteria in predicting disease recurrence, but need to be prospectively validated in order to confirm their prognostic value. Until more refined methods for selecting patients become available, existing evidence support the use of AFP in decision models for liver transplantation.
INTRODUCTION
Hepatocellular carcinoma (HCC) is expected to become a leading cause for liver transplantation (LT) following curative treatment for hepatitis C and after more widespread acceptance of the practice of tumour downstaging for patients originally considered beyond LT criteria [1] . It has been estimated that patients with HCC currently represent 30%-35% of the waiting list population in Europe and in an era of organ shortage, selecting the best candidates for LT with the lowest risk of post-transplant recurrence poses a clinical challenge [2] . It is evident that even after applying the most restrictive tumour burden selection criteria, 10%-15% of patients with HCC still develop HCC recurrence post-LT [3] . It is also apparent that factors beyond tumour size and number are associated with more aggressive tumour biology and are accountable for increasing the risk of HCC recurrence [4] . Among these, alpha-fetoprotein (AFP) has been increasingly recognised as a valuable marker in predicting HCC recurrence [ Figure 1 ] [5] . Although an association between high AFP values and poor outcomes post LT has been established [6] , it has still not been incorporated in the most widely used listing criteria. Several scoring systems encompassing pre-LT serum AFP levels and tumour size criteria have been recently proposed and have shown to have better predictability of recurrence compared to traditional Milan criteria [7] [8] [9] [10] .
The aim of this review is to summarise the emerging evidence on the role of AFP as a predictor of HCC recurrence following LT, either as an independent value or after being combined with tumour size criteria into prognostic models. For this purpose, an electronic PubMed literature search was performed from January 2004 to April 2018 by using the following keywords: "alpha-fetoprotein", "hepatocellular carcinoma", "liver transplantation", "recurrence" and "survival". In this review, we have included all the original studies that evaluated the role of alpha-fetoprotein (AFP) or AFP including models as a predictive marker of prognosis following LT.
AFP AS AN INDEPENDENT PREDICTOR OF RECURRENCE AND SURVIVAL
Several studies have been published with regard to an AFP absolute cut-off value or AFP change on the waiting list, as an independent predictor of prognosis [5, 9, [11] [12] [13] . In a meta-analysis that included 13 studies [14] , the upper cut-off AFP value varied widely between 20 ng/mL and 1000 ng/mL. Due to this variation between different studies, this meta-analysis was unable to suggest a single cut-off level which could be universally approved across centres. Despite that, a significant correlation between AFP and both post-transplant recurrence and prognosis was established in the majority of the reported studies [14] .
The critical question as to whether downstaging HCC patients with high AFP is feasible and is associated with similar prognostic outcomes was addressed in a study by Merani et al. [6] . This retrospective analysis included 6817 patients that were listed with a diagnosis of HCC in the Scientific Registry of Transplant Recipients (SRTR) in the United States and showed that downstaging to an AFP level ≤ 400 ng/mL was associated with good survival rates and prognosis, regardless of the initial AFP level. More specifically, patients who were successfully downstaged to AFP ≤ 400 ng/mL had a similar dropout rate (10% in both groups) and posttransplant survival rates (89% vs. 78% at 3 years, P = 0.11) to patients with AFP levels persistently ≤ 400 ng/mL.
A strong dose-response relationship between AFP level and post-transplant outcomes was demonstrated in a study that utilised data from the UNOS registry, that included patients (n = 45,267) who were transplanted in the US between 2002 and 2011 [15] . Although patients with an AFP < 15 ng/mL prior to transplantation had similar survival rates to patients without HCC, there was a significant decrease in survival as AFP increased; 16-65 ng/mL [adjusted hazard ratio (AHR) = 1.38, 95% CI : 1.23-1.54], 66-320 ng/mL (AHR = 1.65, 95% CI : 1.45-1.88), and greater than 320 ng/mL (AHR = 2.37, 95% CI : 2.06-2.73). In addition, patients with tumours beyond the Milan criteria at listing had excellent post-transplant survival if serum AFP level was ≤ 15 ng/mL (AHR = 0.97, 95% CI : 0.66-1.43). This study also showed that downstaging of AFP following locoregional treatment was associated with improved post-transplant survival and prognosis [15] . In a prospective study by Lai et al. [12] , mRESIST (modified Response Evaluation criteria in Solid Tumours) progression following locoregional treatment and AFP slope > 15 ng/mL/month, as defined by the difference between the initial and the last pre-LT AFP value divided by the time span between the two values, were independent risk factors of recurrence and survival. Patients within and beyond radiological Milan criteria had similar recurrence-free and overall survival rates if they had stable disease post locoregional treatment and/ or an AFP slope < 15 ng/mL/month. Similarly, patients within the Milan criteria but with either progressive disease or AFP slope > 15 ng/mL/month were shown to have increased recurrence rates compared to patients within or beyond Milan criteria with no risk factors [12] . Another retrospective study from the same group, has shown that AFP > 400 ng/mL can result in an 8-fold increase in the risk of recurrence and a combination with a total tumour diameter < 8 cm can result comparable 5 year survival and recurrence rates [16] .
The predictive value of AFP slope, rather than an AFP single value alone, was also examined in a study by Vibert et al. [17] , which included 252 patients transplanted between 1985 and 2005, in a single centre. AFP progression, as defined by an increase greater than 15 ng/mL monthly, was significantly associated with reduced 5 year recurrence-free (47% vs. 74%, P = 0.01) and overall survival (54% vs. 77%, P = 0.02). In the multivariate analysis, progression of AFP was independently associated with recurrence-free and overall survival. Interestingly, all examined static values of AFP prior to transplantation were not correlated with overall or recurrence-free survival. AFP progression was also significantly associated with the presence of vascular invasion and poor histological differentiation, which suggests that it can be a valuable surrogate preoperative marker of unfavourable histological findings [17] .
Another study by Hameed et al. [11] has shown that setting a cut-off value of 1000 ng/mL as an exclusion criteria for transplantation, would have resulted in a 20% reduction in the rate of HCC recurrence at the cost of excluding only 4.7% of patients listed. Following this observation, our own national (United Kingdom) Transplant guidelines have applied this cut-off level as an exclusion criterion for LT. This study has also demonstrated a strong correlation between AFP and micro-vascular invasion, especially in patients with AFP values varying between 300-1000 ng/mL [11] .
A large retrospective European multicentre study intended to identify variables for selecting patients that would have the best benefit from transplantation [18] . AFP ≥ 1000 ng/mL, MELD ≤ 13, mRESIST progressive or complete response and within Milan criteria were associated with a poor intention to treat (ITT) benefit from LT. Based on these risk factors, four benefit groups were identified. Patients that met three out of four risk factors were shown to have no benefit from LT, and that accounted for 19.2% of the study population. This study has introduced the concept of ITT benefit for transplantation that can stratify patients towards a more effective allocation system.
In a separate study that included patients registered at the SRTR database (n = 6478), a total tumour volume (TTV) ≥ 115 cm 3 and AFP > 400 were independent predictors of survival [19] . After combining the two variables, with patients being beyond criteria if they had either TTV ≥ 115 cm 3 or an AFP > 400, the composite score efficiently predicted overall survival (HR 2, 95% CI: 1.7-2.4, P < 0.001).
A prospective validation of the proposed criteria was subsequently performed on 233 patients transplanted in 3 different centres. Patients with an AFP > 400 ng/mL and TTV > 115 cm 3 were excluded from LT. Although the risk of drop out was higher in patients within TTV/AFP but beyond Milan criteria, a similar recurrence (9.4 vs. 4.4, P > 0.05) and survival rate (74.6% vs. 78.7%, P > 0.05) was demonstrated between the two groups. To account for the higher drop out and worse ITT survival in the TTV/AFP groups, the proposed listing criteria are recommended to centres with waiting time of 8 months or more [9] .
A retrospective single centre study that included 137 recipients with more than 50% of the total patient number being beyond Milan or University of California San Francisco criteria at pre-transplant imaging, showed that tumour number > 3 based on explant findings, AFP level ≥ 400 ng/mL, microvascular invasion and rejection needing anti-lymphocytic antibodies were independent predictors of recurrence [20] .
Another study from China has also confirmed that AFP ≥ 400 ng/mL is independently associated with adverse outcomes. Based on prognostic stratification, the Hangzhou criteria were proposed, based on which, patients with total tumour diameter less than or equal to 8 cm, or total tumour diameter more than 8 cm, with histopathologic grade I or II and preoperative AFP level less than or equal to 400 ng/mL simultaneously, were shown to have favourable post-transplant outcomes [21] . Several other studies have reported on different AFP values as predictors of recurrence in the recent literature. This includes a study that included 101 patients from a single centre in the U.S. showed that AFP > 100 ng/mL (OR = 5.0, 95% CI : 1.23-29.71, P = 0.006) and tumour size on explant (OR = 4.1, 95% CI : 1.2-13.5, P = 0.013) were associated with microvascular invasion and post-LT recurrence [22] . Another single centre study including 140 HCC patients confirmed the validity of AFP > 100 ng/mL as cut-off value in predicting the risk of post-LT recurrence, in patients meeting the San Francisco or up-to-seven criteria (Warsaw criteria) [23] . The authors have shown that the expanded proposed criteria increased the transplant eligibility rate by 20.3% without compromising post-transplant outcomes.
A multi-centre Korean study that included 688 patients with advanced HCC (beyond Milan criteria on explant) or far advanced HCC (defined as maximum tumour diameter ≥ 10 cm, 10 or more nodules, or accompanying macro-vascular invasion) has shown that both AFP and the biomarker prothrombin induced by vitamin K absence or antagonist-II (PIVKA-II) were significant risk factors for recurrence [24] . In particular, a sum of AFP plus PIVKA-II < 300 was a better predictor than either marker alone and can provide valuable information on tumour biology and behaviour in advanced HCCs.
Finally, a single centre study of 250 Korean patients has shown that patients with AFP > 400 ng/mL had significantly worse disease-free and overall survival [25] . On discriminative analysis; a cut off value of 54 ng/mL was significantly associated with disease recurrence, whereas cut-off value of 105 ng/mL was a better discriminator of overall survival [25] . Table 1 summarises the studies that have evaluated different cut-off values of AFP as significant predictors of recurrence and survival following LT.
AFP PROGNOSTIC SCORES FOR THE SELECTION OF PATIENTS FOR LT
In the recent literature, several models that combine tumour burden characteristics with pre-operative AFP at different cut-off levels have been proposed. These have been shown to be superior to Milan criteria in predicting tumour recurrence.
AFP score
A prognostic model which includes AFP at two different cut-off levels (100 ng/mL and 1000 ng/mL) and tumour radiological characteristics at listing was developed in a cohort of 597 French patients transplanted for HCC across 16 different centres, and prospectively validated in a cohort of 434 patients registered for LT in France [10] . The AFP score defined three groups of patients with low risk of HCC recurrence; (1) patients with 1-3 nodules, maximum diameter of the largest tumour of less than 3 cm and AFP ≤ 1000 ng/mL, (2) patients with 1-3 nodules, maximum diameter of the largest tumour of 3-6 cm, and AFP ≤ 100 ng/mL and (3) patients with more than 4 nodules, maximum diameter of the largest tumour of less than 3 cm, and AFP ≤ 100 ng/mL.
A simplified user-friendly version of the model was developed and the score was calculated by adding the individual points from each variable [ Table 2 ]. A cut-off value more than two (2) points discriminated between patients with low and high risk of recurrence. Five-year recurrence rate was 8.8% ± 1.7% vs. 50.6% ± 10.2% (P < 0.001) in patients with AFP score ≤ 2 and ≥ 2 and 5-year survival rate was 67.8% ± 3.4% and 47.5% ± 8.1% (P < 0.002) respectively [10] .
The AFP score was subsequently validated in a cohort of 574 patients with a high prevalence of viral hepatitis as an aetiologic factor for chronic liver disease, who were transplanted for HCC in 4 Italian centres [26] . An AFP score ≤ 2 again identified a group of patients with low risk of recurrence, even if they were beyond the Milan criteria at listing. Additionally, in a subgroup of patients who underwent a downstaging procedure prior to [7] 2017 1018 TC 341 VC
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McHugh et al . [22] 2010 101 US Retrospective AFP > 100 ng/mL 1-,3-,5-year RFS and OS Grat et al . [23] 2017 140 Poland Retrospective AFP > 100 ng/mL 5-year RFS and OS Lee et al . [24] 2018 688 Korea Retrospective AFP + PIVKA > 300 5-year RFS and OS She et al . [25] 2018 250 Korea Retrospective 54 ng/mL 105 ng/mL 5-year RFS 5-year OS listing, an AFP score ≤ 2 was associated with an excellent 5 year survival and reduced risk of recurrence [26] . Another validation study which included 327 patients from Latin America has also demonstrated the superiority of the AFP score compared to Milan criteria in predicting post LT recurrence, even in patients who were downstaged in order to fulfil the listing criteria [27] .
In a study that aimed to examine the survival benefit and cost-utility in order to better allocate medical resources, the AFP score was proven to be a useful tool for cost-effectiveness [28] . LT was a cost-effective treatment in patients with AFP score ≤ 3 and was proven to be cost-ineffective in patients with AFP score > 7. Although cost-effectiveness should not directly determine eligibility for transplantation, it should be taken into consideration in order to improve organ allocation. Finally, as previously mentioned, in 2013 the AFP model was adopted by the French Organisation for Organ Sharing as the official national listing criteria.
Metroticket 2.0
In a study by Mazzaferro et al. [7] which included in the training set 1018 patients who underwent LT in 3 different centres in Italy, and in the validation set, 341 patients transplanted for HCC in China, a model that consists of the sum of tumour size and number preoperatively and log10AFP, has shown better predictability of recurrence and survival compared to Milan criteria. By using three different cut-off AFP values the authors defined the AFP-adjusted-to-HCC size (AFP-UTS) criteria as shown in Table 3 . Patients within compared to beyond the AFP-UTS criteria showed a 5-year overall, HCC-specific and recurrence-free survival of 79.7% vs. 51.2% (P < 0.0001), 93.5% vs. 55.6% (P < 0.0001), and 89.6% vs. 46.8% (P < 0.0001), respectively. An online calculator was also developed (www.hcc-olt-metroticket.org) which provides a 5-year post-transplantation prediction of HCC specific survival based on the pre-operative radiological tumour assessment and the last AFP value. The prediction value can also be refined based on the presence or not of HCV infection, as this can have a negative impact on overall post-transplant survival. 
RETREAT score
The Risk Estimation of Tumour Recurrence after Transplant (RETREAT) score which consists of the sum of the largest viable tumour diameter and number of viable tumours on explant, microvascular invasion and AFP at the time of LT, was developed in a cohort of 721 patients across 3 U.S centres and externally validated in a cohort of 340 patients from a single centre in Canada. The RETREAT score is calculated as shown in Table 4 .
Patients with a RETREAT score of 0 have a predicting 1 and 5 year recurrence risk of 1% (95% CI : 0.0%-2.1%) and 2.9% (95% CI : 0.0%-5.6%) respectively which can increase to 29.3% (95% CI : 25.5%-50.5%) and 75.2% (95% CI : 56.7%-85.8%) in patients with a RETREAT score of 5 or higher. One of the advantages of the RETREAT score over other proposed scoring systems is that it takes into consideration the effect of pre-transplant locoregional treatment by including only viable tumours into the model equation. Although this score can only be calculated post LT, it can be utilised to determine surveillance strategies, as well as influence decisions on immunosuppression regimens and adjuvant therapies post LT.
In a study by Mehta et al. [13] , the RETREAT score was validated by using the United Network for Organ Sharing database in 3275 patients transplanted for HCC, between 2012 and 2014. Based on explant findings, the RETREAT score discriminated well between patients with low and high risk and recurrence and higher scores were associated with poor survival outcomes. Specifically, patients with a RETREAT score of 0 had a 3 year recurrence and survival rate of 1.6% and 91% respectively, whereas, for patients with a RETREAT score of 5 or higher, the 3 year recurrence and survival rates were 29% and 58% accordingly. The RETREAT score was also shown to be superior to Milan criteria on explant, in predicting HCC recurrence. Finally, the RETREAT score was associated with a shorter time to HCC recurrence with a median time to recurrence of 10.9 months (IQR 51, -17.9) in patients with a score ≥ 4 [13] .
HALT HCC score
The Hazzard associated with Liver Transplantation for Hepatocellular Carcinoma (HALT-HCC) score was developed based on retrospective data from 420 patients transplanted for HCC in a single US centre, and included MELD-sodium (MELD-Na), tumour burden score (tumour maximum diameter plus number of lesions) and AFP as shown in the following equation; HALT-HCC = (1.27 × tumour burden score) + (1.85 × lnAFP) + (0.26 × MELD-Na) [29] . The HALT-HCC score was externally validated in 13,717 patients that derived from the SRTR and was significantly associated with overall survival (HR 1.06%, 95% CI : 1.05-1.07). Patients were shown to have similar risk of death when stratified by the HALT HCC score, regardless of being within or beyond the Milan criteria prior to transplantation. The advantage of the HALT-HCC score over the other published scores is that it takes into consideration not only the tumour burden and the biological behaviour, but also the underlying liver function at the time of LT [29] . In a study by Lai et al. [30] , a prognostic score that included radiological response criteria (mRESIST), AFP slope, neutrophil to lymphocyte ratio (NLR) prior to transplantation and waiting time (WT) on the transplant list was developed following retrospective analysis of a single cohort (n = 179). The Time-radiological response-AFP-Inflammation (TRAIN) score is calculated as shown in the equation; 0.988 (if mRESIST-progressive disease) + 0.838 (if AFP slope ≥ 15 ng/mL/month) + 0.452 (if NLR ≥ 5.0)-0.03*WT9 (x month). A Score ≥ 1 has shown an excellent ability to stratify patient in terms of intention to treat survival and recurrence. The TRAIN score allowed a potential 8.9% increase in the patients eligible for transplantation without increasing the recurrence risk that would have otherwise been excluded based on the Milan criteria. One of the main disadvantages of this proposed score is that it can only be applied in patients who have undergone pretransplant locoregional treatment.
THE PROGNOSTIC ROLE OF AFP IN THE CONTEXT OF LT AS REPORTED IN NATIONAL AND INTERNATIONAL GUIDELINES
Despite the emerging robust evidence on the ability of pre-operative AFP to predict pre-transplant recurrence, only few International transplant societies have implemented this as part of their listing criteria.
The recently revised EASL Clinical Practice guidelines recommend that the conservative Milan criteria are the benchmark for selection of patients with HCC for LT [2] . Despite this, it is suggested that composite criteria that consider surrogates of tumour biology, (among which AFP is the most relevant), in combination with tumour size and number of nodules is likely to replace conventional criteria for defining eligibility for LT. Although, different cut-off levels have been proposed (100 ng/mL, 200 ng/mL, 400 ng/mL, 1000 ng/mL) no consensus has been reached as to the optimal cut-off level that would best predict HCC recurrence.
In the UK, patients are eligible for LT if they have a single tumour ≤ 5 cm diameter or up to 5 tumours all ≤ 3 cm or a single tumour > 5 cm and ≤ 7 cm diameter, where there has been no evidence of tumour progression (volume increase by < 20%), no extra-hepatic spread and no new nodule formation over a 6-month period. Since 2012, a cut-off AFP level more than 1000 i.u/mL has been used as an exclusion criterion for listing. Tumour rupture, extra-hepatic spread and macrovascular invasion are also considered as absolute contraindications for transplantation [31] . In 2013, the French Organization for Organ Sharing officially implemented the AFP model [10] as the national listing criteria for transplantation. This includes AFP at different cut off levels in combination with tumour size and number [10] . A simplified version of the original model has been proposed [ Table 2 ] and has shown to be superior to Milan criteria in predicting HCC recurrence. The AFP model has been externally validated [26] and has been shown to discriminate well between patients with low and high risk of recurrence, both in patients within or beyond Milan criteria.
In 2008, the Canadian Society for Transplantation recommended that programs use a combination of total tumour volume (TTV), and AFP as listing criteria [9] . Patients are eligible for transplantation if they have TTV ≤ 115 cm 3 and AFP ≤ 400 ng/mL. Unlike the Milan criteria, the current score allows the eligibility of patients with more than three tumours but with low tumour volume, which has been associated with favourable outcomes [9] . The TTV is calculated as the sum of the volume of each tumour [(4/3)πr 3 ] based on the maximum radius of each tumour.
Finally, the international consensus conference on LT for HCC which was held in Zurich in 2010 and established internationally accepted statements and guidelines for the conduct of LT, suggested that AFP should be utilised for waiting-list monitoring and following bridging therapy to discriminate between patients with low and high risk for drop out [32] .
CONCLUSION
Successful eradication of hepatitis C virus, following the widespread use and efficacy of the direct acting antiviral (DAA) treatment, has already reduced the number of patients with HCV related cirrhosis requiring LT. As a result, HCC and non-alcoholic fatty liver disease are becoming the leading causes for LT in the USA and in Europe. Transplantation for HCC is challenging, as one has to ensure that disease-free survival remains similar to that of patients transplanted due to benign disease. Similarly, it is equally important to ensure that HCC patients are not disadvantaged and erroneously excluded from liver transplantation, based on tumour volume characteristics alone. It is likely therefore that with the reduction of the HCV burden, transplant programs will become less restrictive. Moreover, with alternative biomarkers and the use of liquid biopsies as prognostic tools in HCC, a more "biological" rather than "morphological" approach to HCC treatment is anticipated.
Until these more refined methods for selecting patients become available, existing evidence supports the use of AFP in decision models for LT. Whether an AFP slope can be more informative compared to a static single value remains unclear. Of the currently available models the "AFP model" is currently the most extensively utilised and validated. The Metroticket 2.0 calculator allows an individualised accurate prediction of post LT recurrence and can be used by different transplant programs, which can be more permissive or restrictive based on the recurrence rates they are willing to accept. Finally, models that incorporate AFP at different cut-offs have shown be superior to Milan criteria in predicting recurrence, but require to be prospectively validated in order to confirm their prognostic value.
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